Intra-and interspecies variations of the translation elongation factor 1-α (Tef-1α) gene were evaluated as a new identification marker in a wide range of dermatophytes, which included 167 strains of 30 species. An optimized pan-dermatophyte primer pair was designed, and the target was sequenced. Consensus sequences were used for multiple alignment and phylogenetic tree analysis and the levels of intra-and interspecific nucleotide polymorphism were assessed. Between species, the analyzed part of the Tef-1α gene varied in length from 709 to 769 nucleotides. Significant numbers of species including Trichophyton rubrum, T. Tef-1α and had sufficient barcoding distance with neighboring species. Although overall consistency was found between ITS phylogeny as the current molecular marker of dermatophytes and Tef-1α, a higher discriminatory power of Tef-1α appeared particularly useful in some clades of closely related species such as the A. vanbreuseghemii, T. rubrum, A. benhamiae, and A. otae complexes. Nevertheless, we stress that a single gene can not specify species borderlines among dermatophytes and multiple lines of evidence based on a multilocus inquiry may ascertain an incontrovertible evaluation of kinship.
Introduction
Dermatophytes are a unique, highly specialized, and closely interrelated group of filamentous fungi that share the peculiar ability to digest and grow on keratinized tissue, enabling them to invade skin, nails and hair of living human and animal hosts [1] [2] [3] . Phylogenetically they comprise a homogeneous entity with relatively low genetic variation, combined with a high phenotypic diversity [4, 5] . Based on their natural ecological habitats, dermatophytes are categorized into geophilic, anthropophilic, and zoophilic species [1, 3] , and taxonomically they are classified in the genera Trichophyton, Microsporum, and Epidermophyton. Dermatophyte infections are the most common superficial mycosis and are among the most common infectious diseases. About 30 out of 40 known species of dermatophytes have been observed to cause infections in humans and other mammals [6] .
For a long time, phenotypic methods including morphology, physiology, and biochemistry were the basis of taxonomy and identification of dermatophytes, but these are time-consuming, inaccurate, and in many cases insufficiently conclusive to identify the less-common taxa or isolates potentially representing novel species [7, 8] .
Over the last two decades, DNA sequencing and molecular systematics have generated new species concepts in dermatophytes. This caused a reduction in the number of recognized taxa [4] and, on the other hand, has led to the discovery of some cryptic and novel species [7] [8] [9] . However, definition of taxonomic borderlines of some species has still remained debatable, for example, T. mentagrophytes complex species [5] . During the last decade progress has been made with modern systematics of dermatophytes using a number of targets for molecular classification and identification; internal transcribed spacer 1 (ITS1) and ITS2 regions of rDNA [4] , partial β-tubulin (BT2) [10] , and chitin synthase 1 (CHS1) genes [11] . Of these, ITS has proven to be the most informative [4] , and currently sequence diversity in ITS provides the taxonomic basis of species identification in dermatophytes as found through sequencing [12] , restriction fragment length polymorphism (RFLP) analysis [13, 14] , and use of specific primers or probes [15] . However, for fine resolution of closely related species, ITS-rDNA has its limits [13, 14] . To unify sequence-based and classical concepts of species, confirmation and refinement using other genes is overdue.
The nucleotide sequence of translation elongation factor 1-α (Tef-1α) gene encoding a part of the protein translation machinery, was first used in fungi in Fusarium [16] . The gene appears to be consistently single-copy and shows a high level of sequence polymorphism among related species so that it was considered as an alternative to rDNA [17] and to have desirable properties for phylogenetic inference in other groups of pathogenic fungi [18] .
The usefulness of Tef-1α gene in the systematics of dermatophytes has not been reported, and therefore we provided sequence information for reference and clinical isolates including wide range of common and rare pathogenic species. Our key aims in the present study were characterization of Tef-1α as a new marker to evaluate intra-and interspecies variation, as well as to understand relationships and species boundaries among dermatophyte fungi. The data could also be useful to improve diagnostic detection and differentiation of dermatophytes in clinical and epidemiological settings.
Materials and methods

Strains and Isolates
A total of 167 strains consisting 30 species of dermatophytes, including 144 reference and 23 clinical isolates (Table 1) were used in the partial sequence analysis of the Tef-1α gene. The reference strains were obtained from the Centraalbureau voor Schimmelcultures (CBS), Utrecht, the Netherlands, and Teikyo University Institute of Medical Mycology (TIMM), Tokyo, Japan. Clinical isolates were recovered from a variety of specimens including skin, nail, and hair of proven cases of dermatophytosis, which were submitted to two medical mycology laboratories in Tehran, Iran. Species names used for clinical isolates were in concordance with the molecular ITS-based taxonomy introduced by Gräser et al. [4] .
Primer Design
Initial primer pairs were selected according to a multiple alignment of Tef-1α sequences of various fungal species including dermatophytes and nondermatophyte fungi obtained from GenBank. After application and optimization of some primer sets for polymerase chain reaction (PCR) amplification of DNAs extracted from different species of dermatophytes, and analysis the obtained sequences, a pan-dermatophyte primer pair was designed as follows: EF-DermF (5-CACATTAACTTGGTCGTTATCG-3) and EF-DermR (5-CATCCTTGGAGATACCAGC-3). Primer design was performed manually. ITS1 and ITS4 primers [19] were used as reference for clinical isolates. All primers were synthesized by Sigma-Aldrich (Sigma-Aldrich Co., USA). (Takara Co., Tokyo, Japan). Five microliters of the PCR products were electrophoresed onto 1.5% agarose gel in TAE buffer (Tris 40mM, acetic acid 20mM, EDTA 1mM), stained with 0.5 µg/ml of ethidium bromide, and observed and photographed under UV irradiation.
Sequencing and Sequence Analysis
ITS-rDNA sequence data, obtained as already described [10] , were compared in GenBank using BLASTn and compared with information provided by CBS. Tef-1α gene PCR products were purified using QIAquick purification kit (Qiagen, Valencia, CA, USA), subjected to ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA), and sequenced in both directions, using the same forward and reverse primers as for the primary PCR, by an automated DNA sequencer (ABI Prism TM 3730 Genetic Analyzer, Applied Biosystems). The data were edited with GENEIOUS software (http://www.geneious.com), and the consensus sequences were used for further analysis. All sequences were deposited in GenBank (Table 1) . Pair-wise comparisons and multiple alignment were performed to calculate the levels of intra-and interspecific nucleotide polymorphism by using BioEdit software version 7.0.5 [20] . The bioinformatics data were analyzed and used for assessment of the inter-/intraspecies nucleotide variation of Tef-1α.
Phylogenetic analyses
For tree construction, consensus sequences were imported into MEGA5 software [21] . The phylogenetic tree was built, and the tree topology were evaluated visually for congruence of species-rank clades with the following conditions: The methodology used was Maximum Likelihood, phylogram stability was evaluated by parsimony bootstrapping with 1000 simulations, a bootstrap percentage value as good support was regarded above 70%, and the substitution model was Tamura-Nei and uniform rates among sites. Initial tree for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach and then selecting the topology with superior log likelihood value.
Results
The Tef-1α partial gene was successfully amplified in all strains, yielding a single band ranging in size from about 700 to 770 base pair (bp). Sequence analysis using MEGA5 showed significant interspecies size polymorphism ranging from 709 nucleotides (nt) for M. gallinae to 769 nt for some strains of T. interdigitale ( Table 2 ). Intraspecies differences of 0-6, 0-19, and 0-5 nt, leading to four distinct Tef-1α genotypes, were found within strains of T. interdigitale, A. benhamiae and M. nanum, respectively (Table 1) . Overall, the interspecies divergence was higher between Microsporum than between Trichophyton species (Table 1) .
Rates of population divergence within strains of T. mentagrophytes, T. simii, T. ajelloi, M. gallinae, M. cookei, M. racemosum, M. nanum, and M. persicolor were computed as 0-2, 0-14, 4-7, 0-15, 0-10, 7-24, 0-5, and 0-3 nt, respectively. A broad range of intraspecific polymorphisms of 0-38 nt was calculated within four stains of M. fulvum. The diversity within the A. gypseum strains was 0-1 nt, while variation was significantly higher between A. gypseum and its sister species A. incurvatum (75bp). Figure 1 shows the Tef-1α taxonomic naming framework, which is computed by MEGA5 software. The topology was similar to that observed in the ITS tree (data not shown) and most species, in particular closely related taxa, clustered in similar, strongly supported clades (≥70% bootstrap values). However, the backbone of the tree had low bootstrap values and the interspecies correlations were not obvious in some clades.
Discussion
During the last decades, taxonomy of dermatophytes has gone through significant changes, which in part are still a matter of controversy [22] [23] [24] . The validity of genetic differentiation for species delimitation was evaluated in different scenarios [4, [10] [11] [12] 23] . Recently, the dermatophytes were reclassified based on the data inferred from ITS sequences, but the species-recognition scheme as goldstandard does not always provide sufficient support in some species groups. For example, the discrimination between the closely related taxa T. tonsurans/T. equinum and M. canis/M. ferrugineum were known to be limited as a Table 2 . Sequence differences based on pairwise sequence comparison of Tef-1α gene between dermatophyte species investigated in this study. single-and two-base exchange in ITS1 and ITS2 regions, respectively, which was judged to be insufficient for their identification [3, 13, 14] . In the present study the taxonomic value of partial translation elongation factor 1 alpha (Tef-1α) gene to specify species boundaries among dermatophytes was investigated. Phylogeny of the A. benhamiae complex based on Tef-1α data was informative and notable interspecies variation rate of 4-56 bp was observed between taxa of the complex. Trichophyton eriotrephon had a high similarity with T. verrucosum and T. erinacei, and these three species were located on the same internode of the Tef-1α tree. This observation strengthens the probability that the taxon has an animal-associated ancestry. In contrast, T. concentricum and A. benhamiae strains had a separate internode. Interestingly, the phylogenies obtained from partial sequencing of actin (ACT) and topoisomerase-II (TOP-II) loci in the study of Kawasaki et al. indicated that T. concentricum was most closely related to A. benhamia, and likewise T. verrucosum and T. erinacei shared a common branch [23] . While the lengths of ITS and BT2 in all members of the complex were shown to be almost identical [10] , sizes of Tef-1α for the three former species were apparently longer than those of T. concentricum and A. benhamiae (Table 1) , as reflected in the alignment as 1 to 23 bp indels.
As detailed in our earlier study [10] , the strains of T. erinacei show intraspecific polymorphisms in ITS and BT2, whereas no Tef-1α variation was found within this zoophilic species. The gap between T. erinacei and A. benhamiae in Tef-1α (43-56 nt) was higher than that found in ITS and BT2. Like BT2, topoisomerase II (TOP-II) and actin (ACT) genes [23] , Tef-1α showed high similarity between T. concentricum and A. benhamiae. However, Tef-1α provided higher species resolution, and three speciesspecific "signature nucleotides" corresponding to T. concentricum were found. For T. verrucosum only a single strain (CBS 563.50) was available, and more investigation is needed. With respect to size polymorphisms and the number and patterns of barcode sequences, Tef-1α potentially represents more effective signals for species recognition in the A. benhamiae complex.
The partial Tef-1α data provided sufficient resolution of species boundaries for the A. vanbreuseghemii complex, three anamorphic species within the complex having interspecies polymorphisms. Trichophyton interdigitale (formerly known as T. mentagrophytes) is a unique species encompassing strains with various morphological traits, and has zoophilic as well as anthropophilic traits [4, 22] . Furthermore, the taxon is known to have high intraspecific genetic variation [10, 25] with no correlations between genotypes, phenotypes or mating types of the strains [22] . In this study such genetic diversity was reflected with four Tef-1α genotypes among 31 strains of A. vanbreuseghemii/T. interdigitale.
The Tef-1α length variation between T. interdigitale and T. tonsurans/T. equinum strains (10-25 bp) was found to be significantly higher than with use of other loci like ACT, TOP-II, ITS and BT2 (data not shown). Trichophyton interdigitale differed from T. tonsurans and T. equinum in some single nucleotide substitution plus four and five sets of insertions, respectively. It has been proven that the interspecific difference between two ecologically distant species, T. equinum and T. tonsurans, is just a single base pair (99.8% similarity in ITS1/BT2), but a large Tef-1α distance including a 13 nucleotide indel and a signature substitution nucleotide corroborated the usefulness of this gene.
Within the T. rubrum complex several phenotypic species and varieties have been described that recently were reduced to single monophyletic group consisting of two species, T. rubrum and T. violaceum [26] . In contrast to T. rubrum strains, which are almost invariant, the latter species is polymorphic showing variable numbers of TA repeats (TATA box) in the ITS2 region [10, 26] . The two species had no BT2 length polymorphism but differed in two "signature nucleotides" [10] . With Tef-1α, strains of the two species differed in both length (Table 1 ) and in nucleotide composition with three indels and four signature sets of single-nucleotide polymorphisms (SNPs). Mean Tef-1α distance between all tested strains of T. rubrum and T. violaceum was 11 nt, which is considerably more than the 2 nt found for BT2 [10] and ACT [23, 27] . Given to the invariability of Tef-1α within the two species, these indels and SNPs provide a much higher diagnostic signal than ITS for species distinction of T. rubrum and T. violaceum.
The type species of the genus Epidermophyton, E. floccosum, was found to have no intraspecies variation [10, 28] . Contrary to the statement [29] that the species is closer to anthropophilic Trichophyton species, our recent BT2 investigation [10] and the current Tef-1α-based analysis clearly demonstrate that the species is more related to Microsporum.
The complex of A. simii is known to comprise three closely related taxa. The anthropophilic species, T. schoenleinii, which causes favus-type tinea capitis worldwide [4, 30] , T. simii associates with monkeys, which its geographical distribution extends beyond the Indian subcontinent [31] , and the camel-associated species, T. mentagrophytes, which previously contained several species or variants like T. papillosum, T. depressum, T. langeronii, T. sarkisovii, and T. mentagrophytes var. quinckeanum, have all been reduced to synonymy with T. mentagrophytes sensu stricto [4, 30] . On the basis of Tef-1α data, the relationships among the three species could not be resolved. The difference between T. mentagrophytes s. str. and T. schoenleinii was the lowest (0-1 bp); however, the two species were distinct from T. simii. These findings were consistent with earlier analyses based on BT2 [10] and ACT genes [24] and support the hypothesis that T. schoenleinii possibly originated from camels [30] . We also found that T. simii reveals high intraspecific variability in Tef-1α. In concordance with this finding, Beguin et al., based on phylogenies inferred from ITS and actin, found A. simii as a sister group of the clade containing T. quinckeanum and T. schoenleinii [24] .
The complex of M. gypseum is recognized for encompassing two morphologically indistinguishable entities, M. gypseum and M. fulvum. Unlike M. fulvum (teleomorph: A. fulvum), M. gypseum is more frequently involved in dermatophytosis and connected with two teleomorphic stages known as A. gypseum and A. incurvatum. Despite large phenetic similarities in anamorphic states, the three teleomorphs are genetically distant [4, 10, 32] . For the complex, the phylogeny inferred fromTef-1α sequences provided stronger phylogenetic signals but was topologically congruent with ITS. The intra-species homology within A. gypseum and A. incurvatum was high (99.8-100%). However, relatively high intrapopulation variability (5.1%) was detected within M. fulvum strains, while substantial interspecies variation rates (9.1−11.1%) were detected between the three species. Recently, Microsporum aenigmaticum was described as a sister species to M. gypseum, based on ITS/BT2 sequences [8] , but this could not be included in our assessment.
The taxonomic situation of members of the M. cookei clade has become more complicated based on the topology inferred from Tef-1α. Both tested strains of M. cookei grouped amidst M. racemosum strains (Fig. 1) . A relatively high rate of intraspecific variation (1-3.2% for M. racemosum and 1.4% for M. cookei) along with a high degree of interspecies overlap (96.5-100% similarity) were observed with Tef-1α pairwise comparison. These findings agree with those of Choi et al. [9] and Rezaei-Matehkolaei et al. [10] who found that both ITS and BT2 datasets have low resolution for delimitating the taxa in this clade. Considering all molecular evidences, it seems that the species status should be revisited in the M. cookei clade as incorporating two species into one.
Representing different Tef-1α-genotypes, strains of the less human-pathogenic species M. nanum, T. ajelloi, M. persicolor, and M. gallinae were found to possess enough interspecies diversity to locate them in separate branches (Fig. 1) .
The present study was carried out in line with ongoing evaluations of relationships and boundaries in dermatophytes using a new genetic locus, Tef-1α. Overall, consistency was found between ITS and Tef-1α in most areas, but the specificity and discriminatory power of Tef-1α was found to be higher than ITS, which proved particularly useful in some closely interrelated species groups such as A. vanbreuseghemii, T. rubrum, A. benhamiae, and A. otae complexes.
Main remaining questions concern the selection of the most appropriate genetic locus for routine diagnostics, and what is the threshold of genetic differentiation to define a species in dermatophytes. As found in our earlier investigation [10] , we stress that a single gene is insufficient to define all species borderlines among dermatophytes and multiple lines of evidence are needed to ascertain kinship stable taxonomic framework.
